Lamellar bodies, produced by secretory cells in the alveolar epithelium, are the major
source of surfactant phospholipid. As the fetal lung matures, the membranous content of the lamellar bodies is secreted into the alveolar spaces and passes into the amniotic fluid, from which it can be isolated in a morphologically recognisable form. A method is described for the rapid isolation of a lamellar body fraction from amniotic fluid using a small air-driven clinical ultracentrifuge. The lamellar body phospholipid content of amniotic fluid increases towards the end of gestation, but the time of onset and the rate of this increase show wide individual variation. Preliminary results suggest that the lamellar body phospholipid content of amniotic fluid may be a useful index of fetal lung maturity.
Lamellar bodies are formed in type II cells in the alveolar epithelium. Their membranous content, which is rich in phospholipid (mainly lecithin), is secreted into the alveolar spaces, providing the major component of pulmonary surfactant (Strang, 1977) . Secretion of lamellar bodies into the fluid-filled alveolar spaces occurs before birth. Lecithin-rich surfactant then passes into the amniotic fluid where it accumulates as gestation proceeds (Biezenski, 1976; Strang, 1977) . A variety of methods for assessing fetal lung maturity, including the widely used lecithin/sphingomyelin ratio determination (Gluck et al., 1974) , depend on the accumulation of lamellar body-derived phospholipid in the amniotic fluid (Biezenski, 1976) .
A lecithin-rich fraction can be isolated from human amniotic fluid by isopycnic density centrifugation using a conventional preparative ultracentrifuge (Duck-Chong, 1978) or by differential centrifugation (Hook et al., 1978) . Electron microscopy has revealed that the fraction has a distinctive morphology corresponding to lamellar bodies in the process of unravelling (Duck-Chong, 1978; Hook et al., 1978) . A micromethod has now been devised which allows the rapid isolation of a lamellar body fraction from amniotic fluid. The method has been used to investigate the lamellar body phospholipid content of amniotic fluid during the third trimester of pregnancy, and also the contribution of lamellar body phospholipid to the total phospholipid content of amniotic fluid during that period.
Material and methods
Amniotic fluid was obtained by amniocentesis from 115 pregnant women, for whom this procedure was mandatory. The most frequent indications for amniocentesis were: elective Caesarean section (22 cases), pre-eclampsia (21 cases), suspected intrauterine growth retardation (20 cases), maternal diabetes (14 cases), and rhesus isoimmunisation (10 cases). Unless otherwise stated, whole amniotic fluid was frozen as soon as possible after collection to await processing.
Technical grade chloroform was washed and redistilled, then stored in the dark at a temperature near O°C. All other reagents were analytical grade, and glass distilled water was used throughout. Glassware was washed by overnight immersion in cone. sulphuric acid containing about 5 % cone. nitric acid and finally rinsed with glass distilled water.
Lamellar body fractions were isolated from amniotic fluid, and their phospholipid content was determined by one or both of the following procedures: 19·9 mm cellulose nitrate tube. (Ficoll 70 must be used; both the density and the molecular weight of the Ficoll layer are critical.) A sharp interface between the layers is essential. This was readily achieved by dispensing the samples slowly from a 100 microlitre syringe (SGE Pty Ltd) with the tip held against the side of the tube. Two tubes were prepared in this way for each determination. The tubes were centrifuged in the A-100 rotor of an Airfuge (Beckman Instruments Inc, Palo Alto, California, USA) for 20 minutes at 25 psi (115000 gay) at ambient temperature; the Airfuge is a small, air-driven ultracentrifuge. The lamellar body fraction formed a distinct band at the interface between the two layers.
The supernatant above the lamellar body fraction was carefully removed by Pasteur pipette and discarded. The lamellar body fraction was collected in a clean Pasteur pipette, just sufficient of the Ficoll layer being taken to ensure complete recovery of a11 visible material at the interface. The lame11ar body fraction was transferred to 4 ml chloroformmethanol (2:1, v/v) in a stoppered centrifuge tube and rinsed from the Pasteur pipette by drawing the mixture up into the pipette several times. The lame11ar body fraction was collected from the second Airfuge tube in the same way using a clean Pasteur pipette and combined with the first sample in the chloroform-methanol. The whole of the foregoing procedure was usually performed in duplicate.
The chloroform-methanol extract was washed with 0·8 ml 0'9% NaCI and then with 0'6011 chloroform-methanol-Ow % NaCI (3 :48 :47, by vol) (Folch et al., 1957) . Initially, three washes with the latter mixture were included but it was subsequently found that one such wash was sufficient. The samples were centrifuged gently after each wash to separate the two phases; the upper aqueous phase was removed by Pasteur pipette, together with any white material which collected at the interface, and discarded.
The washed extract was transferred to a 16 mm test tube and evaporated to dryness in a waterbath at 80-90°C. After the addition of 0·33 ml 70% perchloric acid, the samples were digested at 180°C for 45-90 minutes. Phosphorus was determined by a modification ofthe method of Chen et al, (1956) . Distilled water (2'9 ml) was added to each tube followed byO'4mI2'5 % ammonium molybdate, and then, after mixing, 0·4 ml 10% ascorbic acid. After 90 minutes at 37°C (or 20 minutes at 50°C) the optical density was measured at 820 nm using a Turner Model 330 spectrophotometer. Standards, which were not digested, contained 0-4~g P (as KH2P04) and 0'3 ml perchloric acid instead of 0·33 ml. The phospholipid content was calculated by multiplying the phospholipid-phosphorus value by 25 (Siekevitz and Watson, 1956) .
Amniotic fluid (2'5 ml) was mixed with an equal volume of 2M sucrose, overlayered with a continous sucrose gradient (0'9M-0'2M) and centrifuged for 3 hours in the SW4I rotor of a Beckman model L2-65 ultracentrifuge (Duck-Chong, 1978) . The lamellar body fraction, which usually formed a discrete band in the sucrose gradient after centrifugation, was collected by cutting the tubes (Duck-Chong, 1978) . The phospholipid content of the fraction was determined by extracting suitable portions with 20 vol chloroform-methanol (2: I v/v), then washing the extract and determining its phosphorus content as for method A.
The total phospholipid content of amniotic fluid was also determined. The procedure was as described above, except that the extraction with chloroformmethanol was allowed to proceed for at least 20-30 minutes, and the extract was filtered through a minimal amount of glass wool before washing.
Lame11ar body fractions isolated by either method A or B were fixed with glutaraldehyde, post-fixed with osmium tetroxide, and prepared for electron microscopy as described previously (Duck-Chong, 1978) .
Results
Method A, the Airfuge method, was devised to simplify and shorten the procedure originally developed which used a conventional ultracentrifuge (method B). Method B was applied to 36 samples of amniotic fluid, the lamellar body phospholipid content of which ranged from 0'9 to 28 mg/dl, For most samples, the lamellar body fraction came to equilibrium in the gradient as a fairly sharp band between 0·34 and 0'53M sucrose (mean sucrose concentration = 0'41M, equivalent to a buoyant density of 1'055); a more diffuse band was obtained from samples which contained meconium or a large amount of flocculent material, probably vernix caseosa.
Method B cannot be applied directly to the Airfuge, since mixing of layers of differing density due to convectional and frictional forces becomes significant in the Airfuge tubes, where-the effective tube length is only a few millimetres. Instead, Ficoll 70 of appropriate density was used to provide a cushion, above which the lamellar body fraction floated (method A). A sharp boundary is maintained between the Ficoll and amniotic fluid layers during centrifugation, partly because the viscosity of the Ficoll is sufficient to resist mixing and partly because its molecular weight is sufficiently high to be slightly influenced by the centrifugal field. Electron microscopy showed that the fraction obtained by the conventional procedure (method B) consisted almost entirely of membranous material of lamellar body origin (Fig. I B ; Duck-Chong. 1978 ). This material was not found in significant amounts in any other region of the gradient or in the pellet obtained after centrifugation. The fraction obtained by the Airfuge procedure did not consist entirely of lamellar body-derived material ( Fig. 1AI . As well as the typical contaminating material shown in Fig. IA . the fraction also contained some whole cells. However, since both methods gave comparable results for the lamellar body phospholipid content of amniotic fluid (Fig. 2) , the contribution of the contaminants to the phospholipid content of the lamellar body fraction obtained by the Airfuge procedure must have been very low. Thin-layer chromatography showed that lamellar body fractions isolated from the same sample of amniotic fluid by the two different methods were virtually identical with respect to phospholipid composition. lecithin being the major component in each case (Duck-Chong and Brown. unpublished data). In practical terms. either method gave a satisfactory estimate of the lamellar body phospholipid content of amniotic fluid. This was true even for samples of amniotic fluid quite heavily contaminated with blood or meconium (Fig. 2) . However, the possible contribution of phospholipid from these sources to the apparent lamellar body phospholipid content of the fluid remains to be investigated.
Many of the samples used in this investigation were frozen before use. Freezing and thawing the sample once before use did not seriously affect the determination of the lamellar body phospholipid content of the fluid (Table) ; there was no significant difference between the values obtained before and after freezing (Student's' test, data paired).
The lamellar body phospholipid content of amniotic fluid was investigated as a function of gestational age (Fig. 3) . Gestational age was expressed as the number of weeks of amenorrhoea for all patients where the date of the last menstrual period was known with certainty and where there was less than two weeks' discrepancy between this assessment and the paediatric assessment of gestational age at delivery (Dubowitz et ill.. 1970) . For pregnancies delivered before 38 weeks, data were also included from patients with uncertain menstrual history. gestational age being based on the paediatric assessment alone. Samples of amniotic fluid from patients who had been treated with glucocorticoid before amnio- Fig. 3 Changes in the lamellar body phospholipid content of whole amniotic fluid with gestational age. Lamellar body fractions were isolated from blood-and meconium-free whole amniotic fluid, and lamellar body phospholipid was determined (method A). Data derived by serial amniocentesis from anyone patient are joined by solid or broken lines. The time between amniocentesis and delivery of the infant is indicated as follows: • delivered within one day; ct, [J delivered within one to two days; 0, D delivered more than two days later; for serial samples from one patient. the symbols indicate the time between the last amniocentesis and delivery. Square symbols indicate the incidence of serious respiratory problems consistent with a diagnosis or respiratory distress syndrome (see text). centesis in an attempt to enhance lung maturity were excluded from this study, as were all samples which contained more than a trace of blood or meconium. Also excluded were patients whose amniotic fluid volume was considered to be abnormally high or low on the basis of ultrasound examination.
The concentration of lamellar body phospholipid in amniotic fluid increased with gestational age, but the time of onset and the rate of the increase showed considerable variation between individuals (Fig. 3) . Six of the infants in this study developed serious respiratory difficulties soon after birth with tachypnoea, chest recession, grunting, and nasal flare, and required oxygen for three to 14 days; all the infants survived. In four of these cases, a diagnosis of respiratory distress syndrome was confirmed radiologically. In all six cases, the lamellar body phospholipid concentration was less than 3 mgjdl at the time of amniocentesis, two to seven days before delivery (Fig. 3) . In contrast, all of the 43 infants delivered within two days of amniocentesis with lamellar body phospholipid values greater than 3 mgjdl were free from serious respiratory prob- *Using method A (see text), the lamellar body phospholipid content of amniotic Iluld was determined as soon as possible after collection and again after the sample had been frozen and thawed once. Fig. 2 A comparison ofthe phospholipid content oflamellar body fractions isolated from amniotic fluid by two different procedures: method A, a micromethod using the Airfage .. method B, a large-scale procedure using a conventional ultracentrifuge. The phospholipid content of the fractions is expressed as mg phospholipidjdl amniotic fluid: 0 fresh whole amniotic fluid; r-l whole amniotic fluid, frozen before use .. • amniotic fluid which had been centrifuged for 3 minutes at 250 g to remove cell debris, then frozen before use. A horizontal or vertical line through the symbol indicates that the sample was contaminated with meconium or blood, respectively. The solid line represents the line ofbest fit calculated by the method of least squares (correlation coefficient = 0'95). The broken line represents the line of identity for the two methods. viously reported by others (Bhagwanani et al., 1972; Nelson, 1972; Gluck and Kulovich, 1973; Nelson and Lawson, 1973; Roux et al., 1973; Schreyer et al., 1974; Ogawa et al., 1976) . The rapid release of lungderived phospholipid into the amniotic fluid seems to be an indication that certain critical maturation events have occurred in the fetal lung (Gluck et al., 1974) . The data in Fig. 3 highlight the wide range of variation in the timing of the process of lung maturation in different individuals, which makes an accurate assessment of fetal lung maturity, as distinct from gestational age, so important in the management of the at-risk pregnancy. The relationship between low lamellar body phospholipid values and the incidence of serious respiratory problems in the newborn suggests that the concentration of lamellar body phospholipid in the amniotic fluid may be a clinically useful parameter. The concentrations of total phospholipid and of lecithin in amniotic fluid have been used to assess fetal lung maturity (Bhagwanani et al., 1972; Nelson, 1972; Nelson and Lawson, 1973; Schreyer et al., 1974) . However, these parameters suffer from lack of specificity, since phospholipids (including lecithin) from sources other than the lung may be present in amniotic fluid in highly variable amounts (Fig. 4) . The use of the Airfuge to separate lungderived phospholipid from other phospholipids, on the basis of their different densities, offers a solution to this problem. Further work is under way to assess the clinical usefulness of this method. lems of this nature. The latter group included 10 infants delivered before 36 weeks' gestation.
The lamellar body phospholipid content of amniotic fluid did not simply reflect the total phospholipid content of the amniotic fluid ( Fig. 4) . Moreover, the contribution of lamellar body phospholipid to total phospholipid was apparently independent of the 'maturity' of the amniotic fluid, as defined by its lamellar body phospholipid content. When the data were divided into three groups on the basis of the lamellar body phospholipid content of the amniotic fluid, as described in Fig. 4 , mean values for lamellar body phospholipid/total phospholipid were 64 %, 74 %, and 75 %, respectively, for samples with low, intermediate, and high lamellar body phospholipid levels; within each group the values ranged from 30 to 100%.
Discussion
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